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PQ circleAbstract Power flow study in a power network embedded with FACTS device requires effort in
program coding. Moreover, Newton-Raphson method should be modified by embedding injected
power components into the algorithm. In this study, we have proposed a method for modeling
of one of the newest FACTS concepts in power flow study without program coding or modification
of existing Newton-Raphson algorithm. Real and reactive power injections for each voltage source
converter of Back-to-Back Static Synchronous Compensator (BtB-STATCOM) are PI regulated to
their desired steady-state values. With this respect, reactive power injection of each voltage source
converter as well as real power transfer among them can be assigned as control constraint. Oper-
ating losses are also taken into account in the proposed modeling approach. Furthermore, proposed
model can be easily modified for the modeling of conventional STATCOM having only one voltage
source converter or two STATCOMs operating independently. The proposed modeling approach is
verified in PSCAD through a number of simulation scenarios in BtB-STATCOM and STATCOM
embedded power systems, namely 1-Machine 4-Bus system and 3-Machine 7-Bus system. PV curves
of local buses compensated by BtB-STATCOM and STATCOM are presented and compared.
Steady-state performance of BtB-STATCOM and STATCOM is also compared in power flow han-
dling.
 2016 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the increase in voltage and current ratings of static
self-commutating switches, power electronics technology
penetrates into the area of high voltage transmission. With this
respect, Flexible AC Transmission Systems (FACTS) receive
great attention in the open literature since they have been first
proposed by Hingorani [1,2]. Static Synchronous CompensatorV curves
2 A.M. Vural, K.C¸. Bayındır(STATCOM) is an important member of FACTS family, which
is utilized for dynamic voltage control and to provide reactive
power support [3]. The total number of STATCOM installa-
tions in the worldwide is estimated to be much greater than that
of other FACTS installations [4]. The major attributes are high
operational flexibility, quick response time, and good dynamic
characteristics under various operating conditions [3]. This
makes it STATCOM a promising research subject. Self-
commutating solid state voltage source converter (VSC) is the
backbone of the STATCOM, which is the origin of the superior
operating performance. Alternatively, Back-to-Back STAT-
COM (BtB-STATCOM) is an extended version of STATCOM
and a member of multi-converter FACTS family, in which two
or more VSCs are coupled together through their DC links [5].
This unique feature opens new trends such as real power trans-
fer among VSCs, which increases the operational flexibility of
conventional STATCOM having only one VSC.
In the open literature, sometimes instead of ‘‘BtB-
STATCOM” as the compensator name, ‘‘BtB DC link” or
‘‘VSC based BtB HVDC link” is alternatively used. In these
studies, generally two approaches for the construction of DC
link are available. In the first approach, DC link is constructed
by HVDC transmission lines or cables, so that the distances
between two substations having VSCs are relatively long [6–
9]. Consequently, a reliable interconnection of power systems
is possible, but the losses on the DC transmission side should
be taken into account in the design phase. In the second
approach, like in a BtB-STATCOM configuration, all the units
are placed in a substation including DC link so that HVDC
lines or cables are not required to couple VSCs [10–15]. This
fact imposes that BtB-STATCOM installation is at the neigh-
boring buses in a power network which becomes totally differ-
ent than the first approach. Albeit there is a great number of
STATCOM installation, we have also noted that a few
BtB-STATCOM installations are available. SDG&E Talega
STATCOM with BtB extension is a good application example,
which is rated at ±100 MVA, has also a 50 MW of real power
transfer capacity from East Bus to West Bus [12]. Another
application example supports ±36 MVar reactive power injec-
tion with a real power transfer capacity of 35 MW [13].
To the best of the authors’ knowledge, the power flow stud-
ies of BtB-STATCOM in general, are rare and the diversity is
very limited in the open literature. Studies have been mainly
conducted either in converter design or in dynamic studies
including controller design [7,14,16–18].
The paper is organized as follows. After the introductory
section, the basic configuration of BtB-STATCOM and the
general principles of steady-state operation are described
in Section 2. In this section, flexible operation of
BtB-STATCOM is also illustrated and it is shown that single
STATCOM or two-independent STATCOMs operations are
also possible in a BtB-STATCOM configuration. The innova-
tive contributions of the study are presented in Section 3 where
the proposed modeling approach composed of operating con-
straints and control constraints is introduced. In Section 4, the
effectiveness and the flexibility of the proposed steady-state
model of BtB-STATCOM are presented through a number
of power flow studies for two different power systems. Addi-
tionally, comparison of BtB-STATCOM with a conventional
STATCOM has been made in voltage stability enhancement
and in power flow handling. Discussion of case results is alsoPlease cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of B
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.00presented in this section. Finally, the main points and signifi-
cant results of the study are summarized in conclusion.
2. Basic configuration of BtB-STATCOM
The conceptual diagram of BtB-STATCOM while all switches
(S1, S2, S3) are on, consisting of two VSCs (VSC1 and VSC2)
and a DC link with capacitor C1 and C2 is shown in Fig. 1. DC
terminals of each VSC are coupled together and each VSC can
synthesize a three-phase AC output voltage with controllable
magnitude and phase angle by employing self-commutative
switches. The transformers (Tr1 and Tr2) are used to couple
AC output of each converter to the buses, namely Bus i and
Bus j. In principle, two buses can belong to two isolated net-
works or interconnection with different voltages, different
phase angles, or even with different frequencies. In this study,
it is assumed that Bus i and Bus j have the same voltage magni-
tude rating and been synchronized to each other with the same
operating frequency. In a BtB-STATCOM, each VSC can
exchange reactive and real power through its coupling trans-
former with the power system so that voltage regulation at
Bus i and Bus j and real power transfer from/to Bus i to/from
Bus j are possible. This makes BtB-STATCOM operation dif-
ferent than STATCOM operation in which the real power
exchanges among VSCs. On the other hand, maximum amount
of real and reactive power exchange in a VSC is dependent
upon apparent power rating of that VSC and should be consid-
ered as an operating constraint for that VSC. Moreover with its
flexible operation, a BtB-STATCOM can operate either as a
single STATCOM or as two-independent STATCOMs in
which DC links are de-coupled. With this respect, STATCOM
can be treated as a special case of BtB-STATCOM with only
one shunt branch. In Fig. 1, when S1 is on while S2 and S3
are off, VSC1 can operate as a STATCOM compensating
Bus i; on the other hand, when S1 and S3 are off while S2 is
on, VSC2 can operate as another STATCOM compensating
Bus j as well. In two-independent STATCOMs’ operation,
S1 and S2 are on while S3 is off. In this configuration,
each VSC is able to compensate its neighboring bus
independently.
3. BtB-STATCOM model in power flow analysis
3.1. Equivalent circuit
In power flow study, the system elements are represented by
simplified steady-state models or average models and steady-
state bus voltage magnitudes and their respective phase angles
with respect to a slack bus angle reference are solved for a set
of unknown parameters iteratively. Real and reactive power
flows on the lines as well as transmission losses are then calcu-
lated. Real and reactive power injections of BtB-STATCOM,
placed at Bus i and Bus j through coupling transformers, are
conceptually shown in Fig. 2. AC output of each VSC is mod-
eled as three-phase ideal voltage source with controllable mag-
nitude and phase angle ðV1\hsh1;V2\hsh2Þ. Here, switching
function of the converters is ignored as a result of purpose
of the study. Three-phase coupling transformers are modeled
as ideal and saturation free. Taking all components as ideal
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Figure 2 Independent reactive power injection and dependent
real power injection by VSC1 and VSC2 of BtB-STATCOM.
Power flow modeling of Back-to-Back STATCOM 3model, loss of BtB-STATCOM is taken into account in a dif-
ferent manner. Ploss1 and Ploss2 are the sum of switching loss
and coupling transformer (Tr1, Tr2) loss of VSC1 and
VSC2, respectively. On the other hand, Ptransfer1 and Ptransfer2
are the injected real power by VSC1 and VSC2, respectively.
In turn they represent real power transfer from Bus i to Bus
j, and vice versa. They are dependent on each other as the real
power balance among VSCs should be satisfied. Furthermore,
from the interactions of the VSCs with the power system, Pinj1
and Pinj2 are the resultant real power injections to the power
system by VSC1 and VSC2, respectively. As Fig. 2 implies,
Qinj1 and Qinj2 are the independent reactive power injections
provided by VSC1 and VSC2, respectively. All real and reac-
tive power injections depicted in Fig. 2 are included in the pro-
posed model as a set of operating constraints which are derived
in Section (b). These constraints vary and depend on the oper-
ating modes of BtB-STATCOM. DC link connecting the DC
sides of each VSC is included by means of a real power balance
in the operating constraints of the proposed model. With
multi-converter configuration and common DC link property
of BtB-STATCOM, the well-known voltage control feature
of STATCOM is extended to multi-bus voltage control capa-
bility. Moreover, real power transfer from one neighboring
bus to another is possible.
3.2. Operating constraints
From practical point of view, BtB-STATCOM can be oper-
ated in different modes depending on the states of the switches
shown in Fig. 1 as stated before. A set of operating constraints
in terms of real and reactive power injections (Fig. 2) for each
operating mode are derived and listed in Table 1. In each oper-
ating mode, VSCs should meet the requirements of desired real
and reactive power injections. Moreover losses of VSCs are
taken into account and included in constraint equations. InPlease cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of Ba
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.004BtB-STATCOM, loss meeting function can be assigned in
three ways: all BtB-STATCOM losses can be met by VSC1
and VSC2 together (Mode 4 in Table 1), all BtB-STATCOM
losses can be met by VSC1 only (Mode 5 in Table 1), or all
BtB-STATCOM losses can be met by VSC2 only (Mode 6 in
Table 1). At the same time, proposed model provides flexibility
when losses are neglected. In this case they are simply set to
zero in constraint equations in Table 1. In the proposed mod-
eling approach, desired reactive power injection, desired real
power transfer among VSCs, and estimated amount of losses
can be assigned, independently. Qinj of each VSC is theoreti-
cally defined between 1.0 pu and 1.0 pu. A positive value of
Qinj means shunt capacitive compensation, whereas a negative
value corresponds to shunt inductive compensation. Instead of
dealing with the current magnitude rating of a VSC to describe
its power rating, apparent power rating is written explicitly in
Table 1 in terms of real and reactive power injections by refer-
ring to Fig. 2. In each VSC, regardless of the operating mode,
apparent power rating constraint is satisfied by simply setting
it less than or equal to 1.0 pu.
The magnitude of equivalent controllable injected voltage
for each VSC is generalized and constrained by Eq. (1)
Vsh;mðminÞ 6 Vm 6 Vsh;mðmaxÞ
0 6 hsh;m 6 2p
 
ð1Þ
where m= 1, 2; the number of VSC; Vm is the voltage magni-
tude of AC output of mth VSC; Vm(min) and Vm(max) are the
minimal and maximal voltage limits of Vm, respectively.
In practical consideration, generally, DC link voltage of a
VSC is regulated to be almost a constant value. With a
closed-loop control approach, in steady-state, voltage of the
equivalent C in the DC link is assumed to be constant. There-
fore, the total real power charging of the DC capacitor from
each side of DC tie is zero in steady-state operation. Eq. (2),
which defines the real power balance among the VSCs in
STATCOM, reduces to Eq. (3) which also takes the losses of
the VSC into account. Eq. (3) is also valid for two-
independent STATCOMs operation as well.
Pinj;m þ Ploss;m ¼ CVC dVC
dt
ð2Þ
Pinj;m þ Ploss;m ¼ 0 ð3Þ
where m= 1, 2; the number of VSC; C is the equivalent capac-
itance of the DC link; VC is the DC link voltage.
Eqs. (2) and (3) can also be extended for BtB-STATCOM
and modified as in Eqs. (4) and (5), respectively, in which each
VSC meets its own loss itself. If loss meeting function of BtB-
STATCOM is required to assign to only one VSC, for instance
in Mode 5 or 6, then proper modification to Eq. (5) is made asck-to-Back STATCOM: Comprehensive simulation studies including PV curves
Table 1 All possible operating modes of BtB-STATCOM and their related set of constraint equations.
Switch states Operating modes Loss meeting Constraint equations
S1 S2 S3 No Name Real power (pu) Reactive power (pu) Apparent power (pu)
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4 A.M. Vural, K.C¸. Bayındırpresented in Table 1. Additionally, Eqs. (3) and (5) verify the
set of constraints in Table 1 having real power components.
Pinj;m  Ptransfer;m þ Ploss;m ¼ CVC dVC
dt
ð4Þ
Pinj;m  Ptransfer;m þ Ploss;m ¼ 0 ð5Þ
Eq. (5) confirms that hsh,m can be set to any angle provided
that the real power balance among VSCs in BtB-STATCOM is
ensured. However this feature is not available in STATCOM
in which the phase angle of the current flowing through a
VSC should lag or lead by p/2 the phase angle of AC output
voltage of the related VSC when ignoring losses. Since, there
is no current measurement in the proposed modeling
approach, the phase angle constraint is solved indirectly by
Eq. (3) for STATCOM, and Eq. (5) for BtB-STATCOM,
respectively.
3.3. Control constraints
A BtB-STATCOM can provide simultaneous control of volt-
age magnitudes of Bus i and Bus j, by positive or negative reac-
tive power injection to the power system via shunt coupling
transformers. Hence in steady-state, Eq. (6) can be derived








Figure 3 Injected real power control scheme with a PI controller
and a limiter for a VSC.
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where k is the bus number.
Alternatively, instead of direct voltage magnitude control,
reactive power injections by the VSCs can be regulated accord-
ing to a pre-defined set of their reference values. With this
respect, bus voltage magnitudes are indirectly controlled. In
steady-state, reactive power equations can be written as a con-
trol constraint in Eq. (7) for each VSC of BtB-STATCOM.
Qinj;m Qrefinj;m ¼ 0 ð7Þ
For real power transfer from one VSC to another in BtB-
STATCOM, real power injections of both VSCs should be
coordinated according to Table 1 (Modes 4, 5, and 6). Hence,
in steady-state, the following equation can be written as a con-
trol constraint for each VSC.
Pinj;m  Prefinj;m ¼ 0 ð8Þ
On the other hand, in STATCOM or two-independent
STATCOMs operation Eq. (9) can be written as a control con-
straint instead of Eq. (8) for real power injection by each VSC.
Ploss;m  Prefinj;m ¼ 0 ð9ÞQinj
+
-
Qinjref VshKp2+ 1τ 2si
Figure 4 Injected reactive power control scheme with a PI
controller and a limiter for a VSC.













Figure 5 1-Machine 4-Bus system incorporating a BTB-
STATCOM.
Power flow modeling of Back-to-Back STATCOM 5Eq. (9) also indicates that, in a single STATCOM or two-
independent STATCOMs operation, only a relative small
amount of real power is absorbed from the power system to
meet the operating losses of VSC. In the model, if losses are













Figure 6 3-Machine 7-Bus system in
Table 2 Reactive power injection capability of VSCs when embedd
VSC1 (kV) Qinj1 (pu)





No FACTS 0.0\0.0 0.0
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In the proposed BtB-STATCOM model, the control con-
straints derived in Section 3.3 are solved by simple PI regula-
tors. With this respect, the real and the reactive power
injections are regulated according to a set of their desired val-
ues so that the proposed modeling approach works fine. Refer-
ring to Fig. 2 where two buses can be simultaneously
compensated, the real and reactive power injections from a
VSC to the power system through the shunt coupling trans-
















ed in 1-Machine 4-Bus system.
V3 (pu) VSC2 (kV) Qinj2 (pu) V4 (pu)
1.0250 14.01\3.30 0.9999 0.9931
1.0086 13.83\3.32 0.8 0.9824
0.9916 13.65\3.38 0.6 0.9715
0.9739 13.46\3.35 0.4 0.9602
0.9554 13.26\3.37 0.2 0.9485
0.9369 0.0\0.0 0.0 0.9369
0.9160 12.84\3.42 0.2 0.9240
0.8946 12.62\3.45 0.4 0.9109
0.8720 12.39\3.48 0.6 0.8973
0.8477 12.15\3.52 0.8 0.8830
0.8215 11.90\3.56 0.9999 0.8678
ck-to-Back STATCOM: Comprehensive simulation studies including PV curves
6 A.M. Vural, K.C¸. BayındırFor VSC2,
Pinj;2 ¼ Vsh2Vj
Xtr2




cosðhsh2  hjÞ ð13Þ
where Xtr1 and Xtr2 are the leakage reactance of the coupling
transformers, Tr1 and Tr2, respectively.
Depending on Eqs. (10)–(13), the steady-state values of the
real and reactive power injections, Pinj,m and Qinj,m are func-
tions of the internal parameters of VSC and the power system.
Preliminary simulation studies on the control of Pinj,m andTable 3 Reactive power injection capability of VSCs when embedd
VSC1(kV) Qinj1 (pu)





No FACTS 0.0\0.0 0.0







































Figure 7 (a) Voltage profile of Bus 3 in 1-Machine 4-Bus system.
operation. (b) Voltage profile of Bus 3 in 1-Machine 4-Bus system.
operation.
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and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.00Qinj,m have demonstrated that Pinj,m is sensitive to hsh,m which
is the phase angle of AC output of mth VSC, while Qinj,m,
which has an effect on bus voltage magnitudes of the power
system, is sensitive to Vm which is the voltage magnitude of
AC output of mth VSC. These two results also verify the liter-
ature. Therefore, in order to solve the steady-state control con-
straints given in Eqs. (7)–(9), two simple PI regulators are
included into the power flow model in which the error signals
of Pinj,m and Qinj,m are independently applied to control hsh,m
and Vm, respectively. These two controllers for regulating
Pinj,m and Qinj,m are cascaded with two limiters which are
depicted in Figs. 3 and 4, respectively. PI regulator feedsed in 3-Machine 7-Bus system.
V1 (pu) VSC2 (kV) Qinj2 (pu) V3 (pu)
0.9955 14.10\25.71 0.9999 0.9990
0.9896 13.99\25.89 0.8 0.9931
0.9836 13.87\26.07 0.6 0.9871
0.9774 13.75\26.25 0.4 0.9810
0.9712 13.63\26.45 0.2 0.9748
0.9652 0.0\0.0 0.0 0.9688
0.9584 13.38\26.86 0.2 0.9620
0.9517 13.25\27.08 0.4 0.9554
0.9450 13.12\27.31 0.6 0.9487
0.9380 12.99\27.55 0.8 0.9419
0.9309 12.85\27.80 0.9999 0.9349














Real power transfer is from VSC1 to VSC2 in BtB-STATCOM
Real power transfer is from VSC2 to VSC1 in BtB-STATCOM
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Figure 8 (a) Voltage profile of Bus 4 in 1-Machine 4-Bus system. Real power transfer is from VSC1 to VSC2 in BtB-STATCOM
operation. (b) Voltage profile of Bus 4 in 1-Machine 4-Bus system. Real power transfer is from VSC2 to VSC1 in BtB-STATCOM
operation.
Power flow modeling of Back-to-Back STATCOM 7forward to the BtB-STATCOM embedded power system pro-
portion of the actuating error signal and its integral for the
purpose of minimizing the steady-state error of the closed-
loop system. Limiters, on the other hand, are used to satisfy
inequalities given in Eq. (1). In order to directly control power
system parameters such as bus voltage magnitude, given in Eq.
(6), desired value of reactive power injection, Qrefinj;m by the VSC
can be calculated externally by the output of an outer control
loop which relates the control objective for the compensator in
the power system. Voltage control constraint of course can be
generalized to any number of VSCs in a multi-converter
compensator.
In Eqs. (10)–(13), the real and reactive power injection equa-
tions have nonlinear and coupling terms which may require
decoupling of the parameters to increase transient response of
the PI regulators. With the addition of these nonlinear and cou-
pling terms, a PI regulator can show a relatively high overshoot
and high settling time when compared to the performance of
more advanced controller structures. However, regulator
parameters can be tuned to guarantee almost zero steady-
state error with an acceptable settling time, which define the
total sufficient simulation time for a power flow study. With
this respect, the parameters of two PI regulators can be tuned
and fixed by a thorough and repeated study of the system
response under various operating conditions to yield a zero
steady-state error with an acceptable simulation time.
4. Case studies
BtB-STATCOM installation is implemented at two neighbor-
ing buses which is different from a BtB DC link that connectsPlease cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of Ba
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.004two remote-end buses via HVDC transmission. Since IEEE
test systems such as 14-Bus or 30-Bus systems are frequently
used test systems in power flow studies, they do not have
two neighboring buses. Herewith the feasibility of the pro-
posed modeling approach has been validated through a num-
ber of case studies carried out in 1-Machine 4-Bus system
and 3-Machine 7-Bus system. The second system resembles a
small portion of the central New York State transmission sys-
tem in a much simplified way [20]. Branch and line data for
both systems can be found in Appendix A. System base is
154 kV@50 Hz (line-to-line) and 100 MVA in all case studies.
Moreover, 100 MVA is the base apparent power for all VSCs
in multi-converter FACTS configuration. On the other hand,
PI parameters (Kp1, Kp2, si1, si2) for both real and reactive
injected power controllers, which give the best responses under
all tested conditions are listed in Appendix B. Numerical
simulations are carried out in PSCAD/EMTDC [21]. For
1-Machine 4-Bus system and 3-Machine 7-Bus system, all the
variables come to their steady-state values in an average time
of around 0.5 s simulation time. All computations are per-
formed on a 2.4 GHz, 4 GB RAM triple-core AMD Phenom
8750 based machine. Solution time step is 100 ls and the dura-
tion of the simulation run is set to 15 s to observe a stable
solution.
4.1. Reactive power injection capability – QV characteristics
Steady-state Q-V characteristics of each VSC when embedded
in 1-Machine 4-Bus system as in Fig. 5 and in 3-Machine 7-Bus
system as in Fig. 6 are investigated by manually changing Qrefinj
of each VSC in steps. For both simulation scenarios, switch S3ck-to-Back STATCOM: Comprehensive simulation studies including PV curves


















































Figure 9 (a) Voltage profile of Bus 1 in 3-Machine 7-Bus system.
Real power transfer is from VSC1 to VSC2 in BtB-STATCOM
operation. (b) Voltage profile of Bus 1 in 3-Machine 7-Bus system.
Real power transfer is from VSC2 to VSC1 in BtB-STATCOM
operation.












































Figure 10 (a) Voltage profile of Bus 3 in 3-Machine 7-Bus
system. Real power transfer is from VSC1 to VSC2 in BtB-
STATCOM operation. (b) Voltage profile of Bus 3 in 3-Machine
7-Bus system. Real power transfer is from VSC2 to VSC1 in BtB-
STATCOM operation.
8 A.M. Vural, K.C¸. Bayındırin Fig. 1 is considered to be off so that DC links of both VSCs
of BtB-STATCOM are decoupled to yield zero real power
transfer among them. By this way BtB-STATCOM is operated
as two separate STATCOMs (Mode 3 in Table 1). The verifi-
cation of the proposed injected real and reactive power control
schemes is also made for both capacitive and inductive operat-
ing regions. Numerical results, illustrated in Tables 2 and 3, are
also used to determine voltage rating of each VSC and its
related upper-lower limits specified by Eq. (1). hsh,m is regu-
lated to meet losses of VSC by allowing a relatively small
amount of real power absorption from the power system.
Losses of each VSC including converter switching losses and
coupling transfer losses are estimated to be 0.15% pu. Maxi-
mum value of Qrefinj is then chosen by considering Eq. (3) and
apparent power rating column of Table 1. This case study also
determines the proper parameter settings for both controllers
proposed in Figs. 3 and 4, respectively. Results show that an
average of 7.7% increase in voltage magnitudes of the compen-
sated buses in 1-Machine 4-Bus system is observed for around
a 1.0 pu reactive power injection. On the other hand, an aver-Please cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of B
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.00age of 3.1% increase in voltage magnitudes of the compen-
sated buses in 3-Machine 7-Bus system is observed for
around a 1.0 pu reactive power injection. This case study with
its fundamental features and results is a base for the subse-
quent case studies.
4.2. Voltage stability – PV curves
The effectiveness of the reactive compensation provided by
BtB-STATCOM and STATCOM on improving PV curves of
local buses is investigated for two test systems. Performances
of BtB-STATCOM and STATCOM have also been compared
on maintaining local bus voltage levels under normal steady-
state operating conditions when demanded real power at local
buses is increased in steps. At first, DC link of BTB-
STATCOM is decoupled for two independent STATCOMs
operation (Mode 3 in Table 1). Qrefinj is set to different values
for each VSC. Then, BtB-STATCOM is taken into operation
by coupling DC links of both VSCs. Qrefinj is set to same valuesack-to-Back STATCOM: Comprehensive simulation studies including PV curves
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Figure 11 (a) Real and reactive power flow distributions of Line
2–3p in 1-Machine 3-Bus system embedded with STATCOM and
BtB-STATCOM. Uncompensated receiving-end line flow is 0.6 +
j0.6. (b). Real and reactive power flow distributions of Line 2–4 in 1-
Machine 3-Bus system embedded with STATCOM and BtB-
STATCOM. Uncompensated receiving-end line flow is 0.6 + j0.6.
Power flow modeling of Back-to-Back STATCOM 9as in STATCOM operation to make a fair performance com-
parison in holding voltage levels against to increasing
demanded power at load buses. Direction of real power flow
among VSCs is set to two different directions with different
set points. In all operations, losses of each VSC are estimated
to be 0.15% pu. On the other hand, VSC2 is used to provide all
losses (0.3% pu) in BtB-STATCOM (Mode 6 in Table 1). The
results of Bus 3 shown in Fig. 7a and b and Bus 4 shown in
Fig. 8a and b are obtained using different values for reactive
compensation levels in 1-Machine 4-Bus system. Also, the
results of Bus 1 shown in Fig. 9a and b and Bus 3 shown in
Fig. 10a and b are obtained using different values for reactive
compensation levels in 3-Machine 7-Bus system. Maximum
real and reactive power injections provided by both VSCs in
BtB-STATCOM are derived algebraically by considering
Table 1 in Appendix C and used as set points.
Results show that,
1. The ability of BtB-STATCOM can more extend the maxi-
mum point in PV curves than STATCOM but only in
one direction of real power flow among VSCs.Please cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of Ba
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.0042. For some cases, STATCOM provides better voltage profile
than BtB-STATCOM depending on the real and reactive
power flow distributions in the power system.
3. Real power transfer among VSCs of BtB-STATCOM
changes power flow distributions on transmission lines
and hence is effective on voltage profiles of both local buses
indirectly. If strategically designed, it can serve better than
STATCOM on enhancing voltage profiles of the power
system.
4.3. Power flow handling – PQ circles
In this case study, power flow handling and indirect power
flow control capabilities of both BtB-STATCOM and STAT-
COM have been analyzed and compared through a wide range
of simulations under steady-state operating conditions. The
allocation of VSCs in 1-Machine 4-Bus system is shown in
Fig. 5. In case of BtB-STATCOM (Mode 6 in Table 1), the
compensated system is simulated for various set points for
reactive power injection. The near-maximum limit for reactive
power injection is chosen as 0.7 pu to keep also real power
transfer at near-maximum between Bus 3 and Bus 4. By this
way the operating limit for each VSC is enforced to its appar-
ent power rating according to apparent power rating column
in Table 1. Unlike reactive power injection control, real power
transfer among VSCs is indirectly regulated to a steady-state
value by phase angle adjustment. VSC2 meets the losses of
two VSCs (0.3% pu) and hsh,1, and phase angle of VSC1 is
changed from 0 to 360 degrees in equal steps while Qrefinj1
and Qrefinj2, reactive power injection reference for VSC1 and
VSC2 are set equal and fixed. The variation of receiving-end
real and reactive powers of two lines by varying hsh,m and
Qrefinj;m is obtained through a number of simulations and shown
in Fig. 11a for line 2–3p and in Fig. 11b for line 2–4, respec-
tively. For each reactive power injection level an elliptical
closed area is obtained. In case of STATCOM (Mode 2 in
Table 1 for line 2–3p and Mode 1 in Table 1 for line 2–4),
DC link is decoupled and due to the operating limits, phase
angle is only regulated for a real power injection level to meet
losses (0.15% pu) for each VSC in steady-state. Changes in
receiving-end real and reactive powers of the related two lines
by varying Qrefinj;m are obtained and combined with the previous
results of BtB-STATCOM to Fig. 11a for line 2–3p and
Fig. 11b for line 2–4, respectively.
Results show that,
1. With the increase in reactive power injection level of two
VSCs in BtB-STATCOM, closed region in PQ plane
enlarges which yields an increase in real and reactive power
flows in related lines. Hence, maximum attainable real
power transfer can be reached by ignoring thermal limits
of the concerned lines.
2. Free change of phase angle of one VSC in BtB-STATCOM
brings an extra flexibility for power flow regulation. Since it
has been observed that for specific phase angle intervals
direction of real power transfer among VSCs is reversed.
3. Power flow control can be considered as an auxiliary func-
tion of STATCOM and the results in support of this fact
have shown that BtB-STATCOM has superior operatingck-to-Back STATCOM: Comprehensive simulation studies including PV curves
Table 4 Controlled real power transfer in BtB-STATCOM embedded in 3-Machine 7-Bus system. VSC1 is in capacitive mode of
operation and VSC2 is in capacitive mode of operation.
Real power transfer







Receiving end line flows (pu)
Line 1–2 Line 3–4
0.9 0.4296 (max) 0.4358 (max) VSC1 1.4247  j0.0984 0.0573 + j0.1644
0.1 0.5 0.7 VSC1 1.7587  j0.2064 0.1754 + j0.2339
0.8 0.6 (max) 0.597 (max) VSC2 1.4679  j0.0816 0.0273 + j0.2042
0.3 0.9 0.9 VSC2 1.6771  j0.1002 0.1180 + j0.2794
0.6 0.8022 (max) 0.8 (max) VSC1 2.0519  j0.2743 0.3793 + j0.2515
0.4 0.2 0.1 VSC1 1.9683  j0.3483 0.3204 + j0.0861
0.2 0.9797 (max) 0.9791 (max) VSC2 1.8861  j0.1681 0.2970 + j0.9796
0.7 0.7 0.4 VSC2 2.0956  j0.3101 0.4087 + j0.1540
Table 5 Controlled real power transfer in BtB-STATCOM embedded in 3-Machine 7-Bus system. VSC1 is in capacitive mode of
operation and VSC2 is in inductive mode of operation.
Real power transfer from







Receiving end line flows (pu)
Line 1–2 Line 3–4
0.9 0.4296 (max) 0.4358 (max) VSC1 1.4269  j0.0844 0.0585  j0.0550
0.1 0.5 0.7 VSC1 1.7629  j0.1855 0.1732  j0.1182
0.8 0.6 (max) 0.597 (max) VSC2 1.4710  j0.0626 0.0290  j0.0964
0.3 0.9 0.9 VSC2 1.6823  j0.0730 0.1153  j0.1739
0.6 0.8022 (max) 0.8 (max) VSC1 2.0574  j0.2525 0.3765  j0.1517
0.4 0.2 0.1 VSC1 1.9689  j0.3455 0.3201 + j0.0359
0.2 0.9797 (max) 0.9791 (max) VSC2 1.8924  j0.1400 0.2604  j0.1964
0.7 0.7 0.4 VSC2 2.0984  j0.2994 0.4073  j0.0474
10 A.M. Vural, K.C¸. Bayındırcharacteristics than that of STATCOM since BtB-
STATCOM is effective on both real and reactive power
flows due to its free phase angle adjustment of one VSC
output voltage.
4. There is much reserve reactive power injection capacity of
STATCOM due to a relatively small amount of real power
injection for meeting losses when compared to BtB-
STATCOM transferring real power among VSCs. This sit-
uation explains the fact that STATCOM can behave better
than BtB-STATCOM in obtaining min/max values of reac-
tive power flow for a specific line.
5. Free phase angle adjustment of one VSC of BtB-
STATCOM leads uncontrolled real power injection from/
to VSC to/from local bus in which apparent power rating
of either VSC can be violated. To avoid this, a series reactor
can be inserted to the AC output of each VSC to limit
uncontrolled real power injection where reactive power
injection is regulated to a pre-defined value.
4.4. Real power transfer control
In a BtB-STATCOM consisting of two VSCs, there are three
degrees of freedom in control: reactive power injection for each
VSC and real power transfer via the DC link in both direc-
tions. In this section, proposed BtB-STATCOM model is
applied to 3-Machine 7-Bus system. The variations of
receiving-end real and reactive power flows of lines Line 1–2
and Line 3–4 are obtained by controlling Pinj1, Pinj2, Qinj1,
and Qinj2 to their desired values, respectively. According toPlease cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of B
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.00the operating constraints given in Table 1, the values of Pinj1
and Pinj2 are coupled so that their sum is always zero. At the
same time, each VSC is operated in both capacitive and induc-
tive modes. Loss meeting function, on the other hand, is inter-
changeably assigned either for VSC1 (Mode 5 in Table 1) or
for VSC2 (Mode 6 in Table 1) in BtB-STATCOM. Selected
results of power flow study of 3-Machine 7-Bus system for var-
ious compensation schemes of BtB-STATCOM while setting
real power transfer among VSCs at certain values are listed
in Tables 4–7. During case studies two approaches are used.
In the first approach, VSC1 and VSC2 are operated at their
maximum reactive compensation mode while setting a certain
value for real power transfer via DC link. By this way the oper-
ation of both VSCs is optimized for no extra reserve real or
reactive power injection. In the second approach, VSC1 and
VSC2 are operated in non-optimized arbitrary reactive power
injection mode while setting a certain value for real power
transfer via DC link. In this operating mode, reserve real
and reactive power injection for each VSC can be still avail-
able. In all approaches, Prefinj;m and Q
ref
inj;m are selected so that
apparent power rating of each VSC is not violated.
Results show that,
1. Each VSC of BtB-STATCOM is able to work in multiple
regulation modes in steady-state. Also three independent
parameters of a BtB-STATCOM consisting of two VSCs
can be independently regulated to a set of reference values
provided that the apparent power rating of each VSC is not
violated.ack-to-Back STATCOM: Comprehensive simulation studies including PV curves
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Table 6 Controlled real power transfer in BtB-STATCOM embedded in 3-Machine 7-Bus system. VSC1 is in inductive mode of
operation and VSC2 is in capacitive mode of operation.
Real power transfer







Receiving end line flows (pu)
Line 1–2 Line 3–4
0.9 0.4296 (max) 0.4358 (max) VSC1 1.4227  j0.2715 0.0563 + j0.1682
0.1 0.5 0.7 VSC1 1.7559  j0.4139 0.1769 + j0.2383
0.8 0.6 (max) 0.597 (max) VSC2 1.4650  j0.3243 0.0259 + j0.2095
0.3 0.9 0.9 VSC2 1.6722  j0.4717 0.1205 + j0.2873
0.6 0.8022 (max) 0.8 (max) VSC1 2.0466  j0.6196 0.3820 + j0.2586
0.4 0.2 0.1 VSC1 1.9670  j0.4332 0.3211 + j0.0880
0.2 0.9797 (max) 0.9791 (max) VSC2 1.8802  j0.5817 0.2666 + j0.3056
0.7 0.7 0.4 VSC2 2.0909  j0.6130 0.4111 + j0.1603
Table 7 Controlled real power transfer in BtB-STATCOM embedded in 3-Machine 7-Bus system. VSC1 is in inductive mode of
operation and VSC2 is in inductive mode of operation.
Real power transfer







Receiving end line flows (pu)
Line 1–2 Line 3–4
0.9 0.4296 (max) 0.4358 (max) VSC1 1.4249  j0.2572 0.0574  j0.0512
0.1 0.5 0.7 VSC1 1.7600  j0.3926 0.1746  j0.1136
0.8 0.6 (max) 0.597 (max) VSC2 1.4680  j0.3049 0.0275  j0.0910
0.3 0.9 0.9 VSC2 1.6773  j0.4436 0.1178  j0.1657
0.6 0.8022 (max) 0.8 (max) VSC1 2.0519  j0.5976 0.3792  j0.1443
0.4 0.2 0.1 VSC1 1.9676  j0.4303 0.3207 + j0.0377
0.2 0.9797 (max) 0.9791 (max) VSC2 1.8863  j0.5530 0.2634  j0.1874
0.7 0.7 0.4 VSC2 2.0935  j0.6021 0.4097  j0.0409
Power flow modeling of Back-to-Back STATCOM 112. Direction of real power transfer among VSCs can be easily
changed and loss meeting function of a BtB-STATCOM
can be interchangeably assigned to each VSC.
3. Real power transfer feature of BtB-STATCOM from one
bus into another is effective on real and reactive power
flows, especially for neighboring buses in a power system.
4. When a VSC meets the losses of BtB-STATCOM, its reac-
tive power injection capacity is decreased as well.
5. Conclusion
A steady-state model of BtB-STATCOM suitable for power
flow study is developed. Proposed model is flexible so that it
can be transformed into either a STATCOM model or two-
independent STATCOMs model without any difficulty. The
proposed method of solution is theoretically suitable for a
power system with any number of buses. However from the
simulation point of view, the method is fast for power systems
with a relatively small number of buses in PSCAD/EMTDC.
The variables arrive at their steady-state values for an accept-
able amount of simulation time without current magnitude or
phase angle measurement. With the increase in complexity of
the concerned power system in which FACTS device is embed-
ded, the required simulation time for acquiring steady-state
values may be relatively long. But proposed method, on the
other hand, requires no coding or modification of Newton-Please cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of Ba
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.004Raphson algorithm is not required. Also operational losses
can be taken into account; hence, a more accurate BtB-
STATCOM or STATCOM embedded power network can be
simulated. The model can also be expanded for a BtB-
STATCOM having more than two VSCs. Comparison of
steady-state performance of BtB-STATCOM and STATCOM
is made which is rare or not existent in the open literature.
Reactive power injection at local buses increases the voltage
stability margin. Moreover coupled DC link in BtB-
STATCOM provides real power flow from one neighboring
bus into another which yields an extra degree of freedom in
power flow control. Generally, BtB-STATCOM has given
better results than STATCOM on real and reactive power
flows in a power system. Moreover BtB-STATCOM can oper-
ate better than STATCOM on enhancing voltage profiles of
the power system if the direction of real power transfer via
DC tie is strategically designed.
Appendix A. System data
See Tables A1 and A2.
Appendix B. Controller parameters and upper-lower voltage
constraints of VSCs
See Table B1.ck-to-Back STATCOM: Comprehensive simulation studies including PV curves
Table A1 1-Machine 4-Bus system data.
Line name Line length (km) R (O) XL (O) B/2 (O
1)
Branch data
1–2 – – 0.047 –
2–3 50 8.91E1 15.7 9.14E5
2–3p 50 8.91E1 15.7 9.14E5
2–4 50 8.91E1 15.7 9.14E5
Load name Load bus PL + jQL (pu)
Load data
Load A 3 1.2 + j1.2
Load B 4 0.6 + j0.6
Table A2 3-Machine 7-Bus system data.
Line name Line length (km) R (O) XL (O) B/2 (O
1)
Branch data
1–5 – – 0.237 –
1–2 100 1.78 31.4 1.83E4
1–4 63.2455 1.13 19.9 1.16E4
2–3 70 1.25 22.0 1.28E4
2–3p 70 1.25 22.0 1.28E4
3–4 70 1.25 22.0 1.28E4
3–4p 70 1.25 22.0 1.28E4
2–6 – – 0.047 –
4–7 – – 0.047 –
Load name Load bus PL + jQL (pu)
Load data
Load A 2 3 + j3
Load B 4 3 + j3
Table B1 Controller parameters and upper-lower voltage
constraints of VSCs.
Kp1 si1 Kp2 si2 Vsh1(min), Vsh1(max) Vsh2(min), Vsh2(max)
1-Machine 4-Bus system
0.12 0.0008 0.1 0.08 30 kV, 30 kV 30 kV, 30 kV
3-Machine 7-Bus system
0.05 0.0008 0.1 0.08 30 kV, 30 kV 30 kV, 30 kV
12 A.M. Vural, K.C¸. BayındırAppendix C. Calculation of maximum real and reactive power
injections for each VSC in BtB-STATCOM
The following equations are derived for satisfying maximum
real power transfer and maximum reactive power compensa-
tion at the same time for a given VSC in BtB-STATCOM
when loss meeting function is assigned to VSC2.
When real power transfer is from VSC1 to VSC2:
For VSC1;
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP 2inj1 þ Q2inj1Þ
q
6 1:0
P inj1ðmaxÞ ¼ Qinj1ðmaxÞ
P inj1ðmaxÞ ¼ 0:7071 puPlease cite this article in press as: Vural AM, Bayındır KC¸, Power flow modeling of B
and PQ circles, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.07.00Qinj1ðmaxÞ ¼ 0:7071 pu (70.71% capacitive compensation).
For VSC2;
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP 2inj2 þ Q2inj2Þ
q
6 1:0





¼ 0:7101 pu ðmaxÞ (71.01%
capacitive compensation).
When real power transfer is from VSC2 to VSC1:
For VSC1;
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP 2inj1 þ Q2inj1Þ
q
6 1:0
P inj1ðmaxÞ ¼ Qinj1ðmaxÞ
P inj1ðmaxÞ ¼ 0:7071 pu
Qinj1ðmaxÞ ¼ 0:7071 pu (70.71% capacitive compensation).
For VSC2;
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP 2inj2 þ Q2inj2Þ
q
6 1:0





¼ 0:7041 pu (max) (70.41%
capacitive compensation).
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